Background: High-intensity (high-pressure and high backup rate) noninvasive ventilation has recently been advocated for the management of stable hypercapnic chronic obstructive pulmonary disease (COPD). However, the relative contributions of high inspiratory pressure and high backup rate to ventilator adherence and physiological outcome have not been investigated. Methods: Patients with stable hypercapnic COPD (daytime PaCO 2 . 6 kPa) and nocturnal hypoventilation were enrolled. Patients were randomly allocated to high-pressure and high backup rate (high-intensity) and high-pressure and low backup rate (high-pressure) for a 6-week period. At the end of the first treatment period, patients were switched to the alternative treatment. The primary outcome measure was mean nightly ventilator usage. Results: Twelve patients were recruited, with seven completing the 12-week trial protocol. The mean patient age was 71 ± 8 years, with a forced expiratory volume in one second (FEV 1 )/ forced vital capacity (FVC) of 50% ± 13% and FEV 1 of 32% ± 12%. The baseline PaCO 2 and PaO 2 were 8.6 ± 1.7 kPa and 7.3 ± 1.4 kPa, respectively. There was no significant difference demonstrated in mean nightly ventilator usage between the high-intensity and high-pressure groups (difference of 4 minutes; 95% confidence interval -45 to 53; P = 0.9). Furthermore, there were no differences in any of the secondary endpoints, with the exception of the respiratory domain of the Severe Respiratory Insufficiency questionnaire, which was lower in the highintensity arm than in the high-pressure arm (57 ± 11 versus 69 ± 16; P , 0.05). Conclusion: There was no additional benefit, in terms of night-time ventilator adherence or any of the other measured parameters, demonstrated by addition of a high backup rate to highpressure noninvasive ventilation. These data suggest that it is the high-pressure component of the high-intensity noninvasive ventilation approach that plays the important therapeutic role in the management of hypercapnic respiratory failure in COPD patients.
Introduction
Although uncontrolled detailed physiological studies have shown the short-term benefits of the addition of domiciliary noninvasive ventilation (NIV) to long-term oxygen therapy, the most recent trials comparing long-term oxygen therapy alone against long-term oxygen therapy and NIV in stable hypercapnic chronic obstructive pulmonary disease (COPD) have demonstrated limited additional benefit of NIV. [1] [2] [3] [4] The ventilator setup, in particular the low level of pressure support and backup rate frequency, have been suggested as major contributors to this lack of effect in larger clinical trials. A more recent crossover study showed that pressure-controlled ventilation with both high inflation pressures and high backup rate, termed high-intensity NIV, had short-term physiological benefit compared with low-intensity NIV. 5 In addition to the lack of longer-term clinical outcome data in this recent study, these data do not differentiate between the effect of high inspiratory pressures and high backup rate. Furthermore, this high-intensity NIV strategy could be physiologically challenged as the most useful approach in patients with severe airways resistance because such patients require a prolonged expiratory phase to maximize lung emptying. The high-intensity approach, with a high backup frequency, results in a shortened expiratory time and incomplete lung emptying, which would be expected to have deleterious effects on pulmonary mechanics and respiratory muscle pressuregenerating capacity as a consequence of lung hyperinflation. 6 In addition, it had been shown by our group and others that neural respiratory drive is elevated in these patients, suggesting that there is little requirement for a high backup rate frequency. 7, 8 Concerns regarding patient acceptance of this high-intensity approach have been challenged by recent work from Dreher et al, 5 who reported longer mean daily ventilator use with high-intensity than low-intensity NIV, suggesting good tolerability. We hypothesized that pressure support ventilation with high inspiratory pressures and low backup rate, termed high-pressure NIV, would provide equivalent levels of nightly ventilator usage compared with high-intensity NIV with high inflation pressures and high backup rate.
Materials and methods

Study design
We used a single-blind, randomized, two-treatment crossover design, similar to that of the previous high-intensity NIV study. 5 Stable hypercapnic COPD patients with daytime partial pressure of arterial carbon dioxide (PaCO 2 ) greater than 6 kPa were randomized, via sealed envelope allocation, to high-pressure support ventilation (low backup rate) or highpressure controlled ventilation (high backup rate) nightly for 6 weeks. Baseline measurements were reassessed at 6 weeks, and subjects were then crossed over to the other arm, with final assessment at 12 weeks. Local research ethics committee approval was obtained (09/H0802/3) for this study which is registered at http://www.clinicaltrial.gov as NCT00994552.
Patients
The study was performed in a specialist tertiary home mechanical ventilation center. All patients provided their written informed consent. Patients with chronic hypercapnic respiratory failure (daytime PaCO 2 . 6.0 kPa), nocturnal hypoventilation (transcutaneous carbon dioxide . 7.5 kPa or a rise in transcutaneous carbon dioxide of .1 kPa), a clinical diagnosis of COPD (forced expiratory volume in one second/forced vital capacity [FEV 1 /FVC] ratio , 70% and an FEV 1 , 50% predicted), and symptoms compatible with nocturnal hypoventilation referred for assessment for nocturnal NIV were consecutively enrolled. Patients were all naïve to domiciliary NIV. All patients were established on optimal medical therapy prior to enrolment. Patients were excluded if they had underlying malignancy, severe cardiac dysfunction (left ventricular ejection fraction , 40%), or obstructive sleep apnea syndrome (based on limited attended respiratory polygraphy data 9 ).
Measurements
Limited attended respiratory polygraphy with continuous oximetry, transcutaneous carbon dioxide (Tosca 500, Linde Medical Sensors, Basel, Switzerland), and chest and abdominal plethysmography were used. Objective sleep quality was assessed by 2 weeks of nocturnal actigraphy (Actiwatch AW4, CamNTech, Cambridge, UK) prior to each assessment. Health-related quality of life was measured using the Severe Respiratory Insufficiency questionnaire. 10 Arterial blood gases were taken at least 4 hours after waking and whilst sitting comfortably on room air. Ventilator download data were used to calculate mean nightly ventilator usage, respiratory rate, and patient triggering rate.
Ventilator setup
NIPPY3 and NIPPY3
+ ventilators (B&D ElectroMedical, Warwickshire, UK) were used for the duration of the study. Nasal and nasal-mouth masks were used according to patient comfort. In the pressure support ventilation mode, the backup rate frequency was set to the minimum setting of six breaths per minute. In the pressure-controlled ventilation mode, the backup rate frequency was set at two below the resting respiratory rate, with the patient breathing quietly at rest. The inspiratory and expiratory triggers were set at the standard factory settings and adjusted to patient comfort. The inspiratory time, applicable to the pressure-controlled ventilation mode, was set at 30% of the duty cycle, but this was modified according to patient tolerance. Oxygen therapy was entrained at a flow rate of 1-2 liters per minute in order to maintain oxygen saturations $ 88%. Other ventilator settings were achieved using an overnight titration protocol in keeping with local clinical practice ( Figure E1 
Data analysis and statistics
A sample size calculation was performed using the primary outcome, ie, NIV compliance, assuming a standard deviation of 90 minutes and a between-group difference of 90 minutes. To demonstrate a between-group difference of $90 minutes in a crossover design, with a power of 0.8 and a level of significance of 0.05, ten patients were required to be recruited and complete the trial. Allowing for a 20% dropout or noncompliance rate, a target of twelve patients was set. Secondary outcomes were arterial blood gas analysis, health-related quality of life, and actigraphy-assessed sleep parameters. Data were analyzed using paired t-tests, or when appropriate the nonparametric equivalent. Data are presented as the mean ± standard deviation if normally distributed or median (range) if not normally distributed. For all analyses, a P value ,0.05 was considered to be statistically significant. Data analyses were conducted using the IBM Statistical Package for Social Sciences version 19 (IBM, Armonk, NY).
Results
Twelve patients were recruited and seven patients completed the study, with equal numbers starting on pressure support ventilation and pressure-controlled ventilation. The mean age was 71 ± 8 years at enrolment for study completers. Baseline spirometry showed an FEV 1 of 32% ± 12% with an FEV 1 /FVC 50% ± 13%. Baseline PaCO 2 and PaO 2 were 8.5 ± 1.8 kPa and 7.3 ± 1.5 kPa, respectively. Health-related quality of life, as measured by the Severe Respiratory Insufficiency questionnaire summary scale, was 52 ± 9 at baseline. Five patients withdrew from the study during the trial period ( Figure 1 ). Baseline characteristics and reasons for study withdrawal are provide in the online data supplement (Table E1 ). There were no signif icant differences between those patients who completed and withdrew from the trial in terms of age, gender, anthropometrics, gas exchange, spirometry, or ventilator settings, with the exception of FVC (46% completers versus 69% withdrawers, P = 0.015). Mean inspiratory positive airway pressure was 29 ± 2 cm H 2 O and mean expiratory positive airway pressure was 5 ± 3 cm H 2 O. There were no differences observed between the high-intensity and high-pressure groups in the primary outcome, ie, mean nocturnal ventilator usage (Table 1 , Figure  E2 ), or in the secondary outcomes, ie, gas exchange (Table 1 , Figure E3 ), objective sleep quality (Table 2) , and subjective sleep quality (Table 3 ). There were no between-group differences in health-related quality of life (Table 4 , Figure E4 ), with the exception of the respiratory domain of the Severe Respiratory Insufficiency questionnaire (57 ± 11 versus 69 ± 16; P = 0.017). As expected by the trial design, the setup backup rate frequency (16 ± 2 versus 6 ± 0; P , 0.001) and breath frequency (16 ± 2 versus 14 ± 3; P = 0.002) were higher in the high-intensity group.
Discussion
This small, randomized, crossover trial could not demonstrate a difference in ventilator adherence between high-intensity and high-pressure NIV in the short-term treatment of stable chronic respiratory failure secondary to COPD. Furthermore, there was no clinical or physiological superiority demonstrated by high-intensity compared with high-pressure NIV. These data challenge the view that high-intensity NIV is required to achieve both physiological and clinical improvement in stable hypercapnic COPD, and suggest that high-pressure NIV may be equally effective. 
Critique of the method
This is a small, randomized, crossover trial that was subject to a higher than expected dropout rate, as a result of which our recruitment did not match our sample size calculation. Although higher than anticipated at study inception, the dropout rate was comparable with that of similar studies in the literature. 5, 11 Despite this caveat, the mean difference in ventilator usage between the groups was only 4 minutes, with a standard deviation of 53 minutes, so it is highly unlikely that addition of three more patients would have changed the lack of difference in the primary outcome.
The study was designed to allow direct comparison with previous studies 5 and, as such, a relatively short assessment duration was used without a between-treatment washout period. A carryover effect cannot be excluded and this may have contributed to the failure to detect a significant betweengroup difference in mean daily ventilator usage. However, this same study design when employed in the previous study showed a significant difference in daily ventilator usage, which was the predefined primary outcome of this study. 5 Therefore, these data suggest that there is not a significant carryover effect of the treatment on outcome.
Efficacy of ventilation
Similar levels of compliance were achieved in the highintensity and high-pressure NIV groups. The current data differ from those previously reported by Dreher et al 5 in that mean nightly ventilator usage was lower in the current study. However, these values are similar to those normally seen at our own center in both clinical practice and randomized controlled trials, and may reflect differences in patient population and referral patterns, as well as in health care systems. 6, 12, 13 The purported mechanism for the difference in compliance in the previous study, albeit lacking supportive data, was that the enhanced nocturnal control of gas exchange provided by high-intensity NIV resulted in enhanced subjective clinical improvement and thus promoted greater patient adherence with ventilator usage. The current study employed high-pressure NIV in both arms, and despite the differences in the backup rate, there was a similar degree of control of nocturnal carbon dioxide in both arms. These data support the theory that it is the driving pressure during NIV that is the predominant factor modifying the carbon dioxide level rather than breath frequency. The most recent study by Dreher et al supports this concept. 11 These investigators showed that lower pressure support, but without a change in breath frequency, resulted in a rise in the nocturnal transcutaneous carbon dioxide level.
Effect of ventilatory mode on sleep quality
There were no differences observed between high-pressure and high-intensity NIV in either objective or subjective measures of sleep quality and quantity. Although the authors acknowledge that the current study lacks the sleep staging data provided by combined electroencephalography and polysomnography, they would like to highlight the benefits of sleep actigraphy monitoring over polysomnography data. Sleep actigraphy provides a measure of domiciliary sleep parameters, which could not be achieved with single-night inhospital polysomnography. As would be expected, given the ease and comfort of undertaking sleep actigraphy in the home setting, the mean total sleep time in the current data was longer than that recorded in single-night polysomnography studies, but with similar levels of sleep efficiency. 11 Furthermore, such data support the concept that high-pressure and high-intensity NIV do not adversely affect sleep quality. Indeed, both high-pressure and high-intensity NIV are accepted by patients, as indicated by high levels of daily ventilator compliance.
Health-related quality of life improvements
There were similar improvements in health-related quality of life achieved using both high-intensity and high-pressure NIV, in line with other published data. 5 However, in contrast with previous data, patients completing the high-pressure NIV treatment period had greater improvement in the respiratory complaints subdomain of the Severe Respiratory Insufficiency questionnaire than when completing the high-intensity treatment period. A possible explanation for this difference could be greater patient-ventilator asynchrony using the high-intensity NIV approach, given that there are previous data acknowledging greater patient-ventilator asynchrony during pressurecontrolled ventilation. Implications for clinical trials to assess effectiveness of NIV in COPD
The role of NIV in addition to long-term oxygen therapy in enhancing the outcome for patients with severe COPD and chronic respiratory failure is still a focus of research. These patients have a very poor prognosis and currently we have little to offer them in terms of clinical management beyond standard inhaled therapies and long-term oxygen therapy. There are in progress a number of clinical trials in Europe that have been designed to assess the role of addition of domiciliary NIV to long-term oxygen therapy in patients with severe COPD. The data from the current study show that high-pressure NIV is similar to high-intensity NIV in terms of the short-term physiological outcome and clinical benefit. Both these approaches optimize the driving pressure to reduce hypercapnia and improve health-related quality of life without impairing sleep quality. Data from the current study have directly informed UK HoT-HMV (United Kingdom Home Oxygen Therapy vs Home Mechanical Ventilation in COPD), which is a multicenter, randomized, controlled trial of domiciliary NIV and home oxygen therapy against home oxygen therapy alone for the management of patients who remain persistently hypercapnic following a severe acute exacerbation of COPD (UKCRN 8059).
Conclusion
In conclusion, these data add further support for the use of a high-pressure strategy for domiciliary NIV in patients with severe stable COPD and chronic respiratory failure. Furthermore, we suggest that the use of a high backup rate may not be necessary to achieve clinical or physiological improvements in such patients. Data from ongoing, multicenter, randomized, controlled trials in Europe will further inform our management of these complex patients.
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